The flow of non-living carbon (detritus) is considered an important process because it connects ecosystems and fuels benthic communities. In Norwegian kelp forests, 90% of the kelp production is exported to adjacent ecosystems where it can play a significant role in shaping benthic communities. We quantified the major structural and functional traits of an Arctic deep-sea ecosystem associated with kelp exports and assessed the ecological role of kelp export into the deep-sea system. We first developed a food-web model using the Ecopath with Ecosim (EwE) approach to represent the state of the deep (450 m) ecosystem of the Malangen fjord (Northern Norway) in 2017. Subsequently, we used the temporal dynamic model Ecosim to explore the structure and functioning traits of a theoretical deep-sea ecosystem projecting a decrease of kelp detritus biomass reaching the deep-sea ecosystem. Overall, our findings reveal that kelp detritus from shallow coastal areas has a small but noticeable role structuring the deep-sea ecosystem of Malangen. The temporal simulations show important differences depending on the application of mediating effects, which allow considering the detritus as a mediating group in prey-predator interaction, in addition to its direct role in trophic relationships. When mediating effects are applied, biomass increases for benthopelagic shrimps and suprabenthos groups and decreases for rays and skates, velvet belly, rabbitfish and other commercial demersal fishes under the low kelp detritus scenarios. Biomass-based and trophic-based indicators reveal a noticeable impact on the deep-sea ecosystem structure due to depletion of kelp detritus. To further assess future changes of the Arctic deep-sea ecosystems, dependencies with adjacent ecosystems, such as kelp detritus production, should be included. carbon or connectivity between ecosystems has been widely documented Krause-Jensen and Duarte, 2016) . However, there is a lack of understanding on several aspects of this connectivity, such as the impact that detritus from one ecosystem has on the composition and structure of another ecosystem, and the different roles of alternative sources of organic carbon, such as detritus originated from phytoplankton and macrophyte (Renaud et al., 2015) .
Introduction
Non-living organic matter (Particulate Organic Matter, POM), also known as detritus (Moore et al., 2004) , is an important source of food for marine benthic communities (Dunlop et al., 2016) . This source of carbon may be produced in one ecosystem, and then transported and consumed in adjacent ecosystems (Cage, 2002) . This flow of organic produced throughout the year from distal erosion, breakage, and mortality of the kelp, with shorter periods of high detrital production during peak cast of old laminas or dislodgement of whole plants . Although still poorly quantified, initial studies showed that macrophyte POM can play a significant role in shaping benthic communities, for example by providing connectivity among coastal habitats, which can influence spatial patterns (Vanderklift and Wernberg, 2008) and increase secondary productivity (Schaal et al., 2012) . Similarly, the arrival of large pieces of macrophyte debris can provide a substantial food source to potentially food-limited deep-sea communities, affecting the local biodiversity and community structure (Bernardino et al., 2010; Ramirez-Llodra et al., 2016; Renaud et al., 2015; Vetter, 1995) . A recent study performed on the Svalbard Archipelago demonstrated that kelp detritus from coastal communities can be an equally food resource for Arctic shelf communities down to 400 m depth, challenging the well-accepted paradigm of a tight benthopelagic coupling in coastal and continental shelf habitats in the Arctic (Renaud et al., 2015) . In Norwegian kelp forests, it has been estimated that < 10% of the kelp production is consumed within the forest, and the rest is exported (Norderhaug and Christie, 2011) . Although some studies highlighted the important role of macrophyte detritus fuelling adjacent communities (Filbee-Dexter et al., 2019) , there is still a lack of understanding of the nature and extent of kelp contribution to these ecosystems, and no studies exploring this issue exist for the food web of deep benthic Arctic communities.
In this study, we quantified the major structural and functional traits of an Arctic deep-sea ecosystem associated with kelp exports and assessed the ecological role of kelp export into the deep-sea system. First, we developed a food-web model using the Ecopath with Ecosim (EwE) approach (Christensen and Walters, 2004) to represent the state of the deep-sea ecosystem of the Malangen fjord (Arctic Norway) in 2017. Subsequently, we used the temporal dynamic model Ecosim (Christensen and Walters, 2004; Walters et al., 1997) to explore how reduced export of kelp detritus biomass could affect the Arctic deep-sea ecosystem under a scenario of kelp POM reduction.
To our knowledge, this is the first attempt to model a deep-sea (below 250 m depth) food web with a special emphasis on kelp detritus. Only a few previous studies have modelled ecosystems focused on kelp (Lozano-Montes et al., 2011; Pedersen et al., 2018) , and other studies modelled kelp ecosystems without putting emphasis on kelp detritus (e.g. Nilsen et al., 2008a) . These studies suggested that strong bottomup effects would flow from changes in the biomass of benthic primary production by macrophytes to other levels of the ecosystem. Studies based on stable isotope analyses (Duggins et al., 1989; Fredriksen, 2003; McMeans et al., 2013; Renaud et al., 2015) highlighted the importance of kelp detritus as a source of carbon (but see Miller and Page, 2012) . None of the studies that modelled fjord ecosystems in Norway (Pedersen et al., , 2016 (Pedersen et al., , 2008 evaluated the importance of kelp secondary production to deep fjord food-webs.
Material and methods

Study area
The Malangen fjord, located 30 km southwest of Tromsø (69°30′N, 18°21′E) ( Fig. 1) , is 50 km long and about 5 km wide. We focused on the outer part of the fjord, which includes dense kelp forest as well as barren grounds, a few sandy beaches and a deep basin (~450 m maximum depth). The entrance of the Malangen fjord has extensive kelp forests down to 30 m depth. The dominant species is Laminaria hyperborea, which has a digitate annual blade produced during winter and spring and cast off the following spring (Kain, 1971) . Parts of the old blades and other kelp fragments released by winter storms and grazing events reach the deep-sea ecosystem, and consequently, connect both ecosystems. The deep basin is connected to the open sea by a shallow sill (180 m deep), thus providing a potentially excellent accumulation site for kelp detritus from the surrounding coastal areas. We modelled the deep-sea ecosystem of Malangen fjord to represent the current situation at the time of the study (2017) (Fig. 2) . We bounded the studied ecosystem from 400 to 450 m depth, covering an area of 11.8 km 2 , and we included the entire water column. In this study, we call this ecosystem the Arctic Deep Ecosystem Associated with Kelp Exports (hereafter referred to as ADEAKE).
Modelling approach
The Ecopath and Ecosim approach (EwE) version 6.5 (Christensen et al., 2008; Christensen and Walters, 2004 ) was used to develop the food-web model of the ADEAKE in 2017. The Ecopath model provides a mass-balanced snapshot of the ecosystem. A functional group consists of ontogenic fractions of a species, individual species or groups of species that perform a similar function in the ecosystem, i.e. have similar growth rates, consumption rates, diets, habitats, and predators (Heymans et al., 2016) . The parameterization in Ecopath is based on two master equations (Eqs. (1) and (2)), to which the mass-balance constrain is applied (Christensen et al., 2008; Christensen and Walters, 2004) . The first master equation describes the energy balance for each group, so that:
The second Ecopath equation describes how the production term for each group (i) can be split into components. This is implemented with the equation:
Production fishing mortality predation mortality biomass accumulation net migration other mortality (2) or, more formally,
where P i is the total production rate of i, Y i is the total fishery catch rate of i, M2 i is the total predation rate for group i, B i the biomass of the group, E i the net migration rate (emigrationimmigration), BA i is the biomass accumulation rate for i, while M0 i = P i · (1 − EE i ) is the other natural mortality excluding predation (M0). M0 is a catch-all term including all mortality not elsewhere included e.g. mortality due to disease or old age. In Ecopath, M0 is not entered directly, as it is unknown, but is computed from the Ecoptrophic Efficiency (EE). EE is the production of group i that is utilized within the system or is exported due to catches, migration or other causes (e.g. burial in sediments) (Christensen et al., 2008; Christensen and Walters, 2004) . Eq. (3) can be re-expressed as follows:
where P/B is the production to biomass ratio for a certain functional group i, (Q/B) j is the consumption to biomass ratio for each predator j, DC ji is the proportion of group i in the diet of predator j, and (1 − EE i ) represents mortality other than predation and fishing.
For each equation three of the four basic parameters (B i , P/B i , Q/B i , EE i ) are required. Moreover, the catch by fleet and functional group (Y j ) and the diet (DC ij ) of all groups are also needed. The energy balance within each group is ensured when the consumption by group i equals the production by i, respiration by i and food that is unassimilated by i (Eq. (1)).
Afterwards, we used the temporal dynamic module Ecosim to simulate how the structural and functional traits of the ecosystem would change with a lower biomass input of kelp detritus (hereafter referred to as ADE -Arctic Deep Ecosystem model). Ecosim describes the temporal dynamics of species biomass and flows over time by accounting for changes in predation, consumption rate, fishing and the environment (Christensen and Walters, 2004; Walters et al., 1997) .
Ecosim uses a set of differential equations to describe biomass dynamics, expressed as:
where dB i /dt is the growth rate of group i during time t in terms of its biomass B i ; (P/Q) i is the net growth efficiency of group i; Q ij is the consumption rate; M i is the non-predation mortality rate; F i is the fishing mortality rate; e i is the emigration; and I i is the immigration rate (Christensen and Walters, 2004) . Consumption rates (Q ij ) are calculated based on the "foraging arena" theory, which divides the biomass of prey into a vulnerable and a non-vulnerable fraction and the transfer rate or vulnerability between the two fractions determines the trophic flow between the predator and the prey (Ahrens et al., 2012) . The vulnerability concept incorporates density-dependency processes and expresses how far a group is from its carrying capacity (Christensen et al., 2008; Christensen and Walters, 2004) . Default values of vulnerability (v = 2) represents a mixed trophic flow, a low value (v < 2) indicates 'bottom-up' flow control and a situation closer to carrying capacity, while a high value (v > 2) indicates 'top-down' flow control and a situation further away from carrying capacity (Ahrens et al., 2012; Walters and Martell, 2004) . EwE can also incorporate ecological mediation processes, when a predator-prey interaction between two functional groups is influenced by a third (mediating) group (Harvey, 2014) . As demonstrated by Ma et al. (2010) , the mediating effect of a third (mediating) group on the predator-prey interaction of i and j can be introduced by adding a scaling term M ij that affects the consumption rate of the predator. Further details on the algorithms, equations, and limitations of the EwE approach are described in the literature (e.g. Christensen and Walters, 2004; Heymans et al., 2016) .
Parameterization of the ADEAKE model
To represent the ADEAKE food web, we defined the functional groups based on biological and ecological features of species such as diets, commercial value, data availability and expert knowledge. We adopted a similar composition of functional groups to other food-web models previously developed in Norwegian northern fjords (Pedersen et al., , 2016 (Pedersen et al., , 2008 (Table 1 and Supplementary Material Table  A .1 and A.2). The ADEAKE model was composed by 36 functional groups: one group of marine mammals, one of seabirds, 12 of fishes, 17 of invertebrates, one of primary producers, and four of detritus.
To evaluate the impact of kelp detritus in the ADEAKE, we included two kelp detritus functional groups considering their size (coarse kelp POM: 0.1-7.7 mm 2 ; and fine kelp POM: > 7.7 mm 2 ) because these two types of kelp detritus differ in their export and uptake by the benthic community Fig. 2) . Coarse kelp POM is considered a source of food mainly for bacteria in the deep sea (Kelly, 2005) , and needs to undergo decomposition (both abiotic and microbial breakdown) before the organic matter is available to most benthic fauna. Kelp POM rapidly hosts diverse communities of bacteria and protozoa on their surface, which increase its nutritional quality by taking up inorganic nutrients from the surrounding water and accelerating degradation (Armstrong et al., 2000; Krumhansl and Scheibling, 2012) . Benthic fauna that uses kelp, therefore often consume a mix of degraded kelp material and the microbial community that has colonized and associated with the material (Norderhaug et al., 2003) . On the other hand, detritivore functional groups likely feed on fine kelp POM (Duggins and Eckman, 1997) in a similar way that they feed on other settling organic particles (Cage, 2002; Wotton and Malmqvist, 2001) .
Some biological data used in this study were collected during a cruise within the KELPEX project (Kelp export: fuel for adjacent communities in changing arctic ecosystems, www.kelpex.org). The cruise on board R/V Johan Ruud was carried out on 26 April -12 May 2017, and sampled the meio, macro and megafauna using multicores, grabs and trawls (see Ramirez-Llodra et al., submitted) . All marine organisms were classified, and biomass was calculated for each species. Biomass was standardized to tones (t) wet weight by km −2 (t·km −2 ). Biomass of coarse kelp POM was calculated from kelp material collected with the trawls, while fine kelp POM biomass was calculated from small kelp particles on sediment collected with the grabs.
Biomass estimates for benthopelagic/pelagic species and bacteria were not available and therefore we either used realistic EE values to estimate the biomass of three functional groups (pelagic shrimps, benthopelagic shrimps, and bacteria) (Heymans et al., 2016) , or were extracted the data from related models (Pedersen et al., 2016 (Pedersen et al., , 2008 . Production (P/B, year −1 ) and consumption (Q/B, year −1 ) rates were either estimated using empirical equations (Heymans et al., 2016) or taken from literature or from other models and corrected for changes in D. Vilas, et al. Journal of Marine Systems 203 (2020) 103268 water temperature between study areas following Opitz (1996) (Supplementary Material Table A .1). Quantitative diet information was compiled using published data and records from the KELPEX field survey on stomach content analyses, giving preference to data collected from local or similar areas. Regarding kelp detritus feeders, diet information was obtained from observations in the study area (Filbee-Dexter unpublished data) and literature (Dunton and Schell, 1987; Fredriksen, 2003; Renaud et al., 2015) and was revised by local experts. These previous studies quantified the proportion of kelp detritus in the diet of different detritivores and highlighted some species that were more reliant on kelp detritus than phytodetritus. When diet information was available for generalists deposit feeders, we set a diet based on the proportion of kelp detritus in detritus biomass stock. For migratory species (marine mammals, seabirds and benthopelagic cephalopods), we set a fraction of the diet composition as import based on the time that these species feed outside the system (Christensen et al., 2008; Heymans et al., 2016) (Supplementary Material Table A .2).
Fisheries data were obtained from the Institute of Marine Research and the Norwegian Directorate of Fisheries (Fiskeridirektoratet, 2017; NMDC, 2017) . Fisheries data were geolocated, and all data inside the ADEAKE boundaries were considered. We split the fishery into two commercial fishing fleets: shrimp trawlers, and gillnetters and others.
An important point in the development of the model was the parameterization of the imported biomass of kelp POM in the deep-sea ecosystem. The kelp POM that is reaching the deep fjord is transported as settling particles. Among these detritus particles, faecal pellets (fine kelp POM) and marine snow are particularly important, and benthic communities respond differently depending on the form of that organic material (Gooday and Turley, 1990) . Because of this difference, we estimated imported kelp POM biomass into our study area separately for both kelp POM groups. To properly incorporate this into the model, we used a combination of literature values, our own knowledge, and field results ( Fig. 2 ). We first extracted the area covered by kelp forests in our study area and the per-area production of kelp POM (Bekkby et al., 2013; M.F. Pedersen et al. in prep.) . We then estimated the proportion of that annual production that enters the deep-sea ecosystem, taking into account processes that influenced its export and landing on the deep-basis (shallow consumption and excretion by sea urchins, transport processes in the water column before deposition, decomposition, and buried processes). Kelp POM production processes were represented in order to understand those processes and production estimations (Fig. 2) . To allocate the detritus fate from the living groups to each detritus group defined in our model (marine snow, coarse kelp POM, fine kelp POM, and benthic detritus), we used the detritus fate parameter, which allowed us to specify where the remaining detritus left over after detritivores have met their food intake is to be directed. In our case, information by local deep-sea ecologists and kelp ecologists, and literature was used (Fig. 3 ). Surplus marine snow was directed to benthic detritus group. Regarding kelp POM groups, the excess of coarse kelp POM was either routed to fine pieces of POM through fragmentation (83%) or buried (17%). The first flow represented erosion process in coarse kelp POM (scaled from fragmentation rates of old blade inputs between May and August estimated using size of kelp detritus at 400 m depth in the study area, , the second represented burial process already described in previous studies (Carroll et al., 2008; Zaborska et al., 2018) . Unconsumed fine kelp POM was exported out of the system (20%) or Table 1 Input parameters and outputs estimates (in bold) for the ADEAKE model showing those estimated by the model in bold. FG = Functional Group; TL = Trophic Level; B = Biomass (t·km −2 ); P/B = Production/Biomass (year −1 ); Q/B = Consumption/Biomass (year −1 ); EE = Ecotrophic Efficiency (year −1 ); P/Q = Production/ Consumption (year −1 ); U/Q = Unassimilated food/Consumption; FD = Flow to detritus (t·km −2 ); Detritus import (t·km −2 ·years −1 ); Landings and Discards (t·km −2 ·years −1 ). Cells in grey represent values lower than 0.0001. directed to benthic detritus (80%), which acted as a general benthic detritus pool in the ADEAKE model.
FG
Ensuring mass-balance and assessing the quality of the model
In order to ensure that the model followed general ecological and biological principles and to guide the balancing procedure, we used the PREBAL diagnostics (Link, 2010 ). An Ecopath model is considered ecologically and thermodynamically balanced when: (1) EE < 1.0; (2) P/Q values are between 0.05 and 0.35 with the exception of fastgrowing groups such as bacteria; (3) R/A (respiration/food assimilation) < 1; (4) R/B (respiration/biomass) range from 1 to 10 for fishes and higher values for small organisms; (5) NE (net efficiency of food conversion) > GE (=P/Q) and (6) P/R (production/respiration) < 1 (Supplementary Material Table A.4) (Christensen et al., 2008; Heymans et al., 2016) . Initial values of the ADEAKE model showed that the EE > 1 for 6 functional groups (mesopelagic fishes, benthopelagic cephalopods, benthic detritivore echinoderms, other benthic detritivore invertebrates, large krill, and suprabenthos). To balance the ADEAKE model, we applied a manual mass-balanced procedure following a topdown approach modifying input parameters starting from the functional groups with higher TL and considering the best practice guidelines (Heymans et al., 2016) .
The quality of the model was estimated by calculating its pedigree, a summary of the quality of input parameters used to parameterize the model for which each input is associated to a confidence interval (Christensen et al., 2008; Christensen and Walters, 2004) . This information was first used to determine which parameters were of lower quality and thus could be modified during the balancing procedure. Afterwards, it was used to calculate the pedigree index of the overall model, which vary between 0 (lowest quality) and 1 (highest quality) (Christensen and Walters, 2004) . The confidence intervals and index values used to describe the uncertainty of the balanced Ecopath model are described in the Supplementary Material (Table A .5). Stable isotopes of Nitrogen ( 15 N/ 14 N) can serve as independent measures of the trophic position of organisms (Peterson and Fry, 1987) . Nitrogen stable isotope ( 15 N/ 14 N) values available in the literature coming from adjacent ecosystems to the ADEAKE were compiled (Chouvelon et al., 2012; Fuhrmann et al., 2017; Hooker et al., 2001; Jennings et al., 2002; Nilsen et al., 2006 Nilsen et al., , 2008b Petursdottir et al., 2012) (Supplementary Material Table A .6). This information was compared with the ADEAKE model-estimated Trophic Levels (TL) of functional groups, and the correlation was tested using the Spearmanrank non-parametric correlation coefficient test. Previous studies used this methodology to validate Ecopath model results (Corrales et al., 2017; Deehr et al., 2014; Navarro et al., 2011) . Flows and biomasses were aggregated into discrete TLs to calculate the Lindeman spine breakdown plot (Lindeman, 1942) . This analysis also includes the Transfer Efficiency (TE), the fraction of total flows of each discrete level that are either exported out of the ecosystem (e.g. by fishing) or transferred to higher trophic levels through consumption (Lalli and Parsons, 1997; Pauly and Christensen, 1995) .
We computed the following ecological indicators that describe the state of the ecosystem: Total System Throughput (TST, t·km −2 ·year −1 ), the sum of all flows in the model (consumption, export, respiration and flow to detritus) and considered an overall measure of the "ecological size" of the system (Finn and Finn and Finn, 1976 ), Finn's Cycling Index (FCI, %), the fraction of the ecosystem's throughput that is recycled (Finn and Finn and Finn, 1976) , System Omnivory Index (SOI), the average of omnivory index of all consumers weighted by the logarithm of each consumer's food intake, and Connectance Index (CI), the number of actual links in relation to the number of possible links in the food-web (Gardner and Ashby, 1970) . Several additional indicators were selected because of their robustness in front of models comparison (Heymans et al., 2016) : the ratios of consumption (Q), export (Ex), respiration (R) and flow to detritus (FD), the total biomass of the community (TBCo), relative ascendency (A/C) and relative overhead (O/C) (for definitions see Heymans, 2014) .
Some of these ecological indicators obtained from the ADEAKE model were compared with those from the Ullsfjord model (Pedersen et al., 2016) , although some of them could not be compared because the Ullsfjord model used different units (g C·km −2 ). This model was selected as it was developed following similar criteria of the ADEAKE model to define functional groups and to estimate input data. Ullsfjord is a fjord located in Northern Norway, as is the case of the Malangen fjord.
To quantify direct and indirect trophic interactions among functional groups, we used the Mixed Trophic Impact (MTI) (Ulanowicz and Puccia, 1990 ) (Eq. (6)). This analysis quantifies the direct and indirect impacts that a hypothetical increase in the biomass of one functional group would have on the biomasses of all the other functional groups, including the fishing fleets. The MTI for living groups is calculated by constructing an n × n matrix, and quantifying each interaction between the impacting group (j) and the impacted group (i) is:
where DC ji is the diet composition term expressing how much i contributes to the diet of j, and FC ij is a host composition term giving the proportion of the predation on j that is due to i as a predator. The MTI can be used as a sensitivity analysis to explore possible impacts of biomass variations. Therefore, relative total impact (RTI) (Eq. (7)) can be calculated from the MTI as an overall effect of group i on all the other groups in the food-web (without including the effect on the group itself):
To identify the keystone species within the ecosystem, we estimated the keystoneness index (KS) using Valls et al. (2015) method (Eq. (8)), in which the biomass component is based on a descending ranking. A keystone species is a species that shows relatively low biomass but has a relatively important role in the ecosystem (Power et al., 1996) . Valls keystoneness index is calculated as:
where IC i is a component estimating the trophic impact of the group i; BC i is a component estimating the biomass of the group i.
To assess the role and impact of fishing, we used several ecological indicators. The MTI analysis was used to quantify the direct and indirect impact of each fleet on the functional groups. We included Total Catches (TC, t·km −2 ·year −1 ), the total landings and discards exported from the system; mean TL of the catch (mTLc), the average trophic level of all caught species weighted by their yield (Pauly et al., 1998) ; and the Primary Production Required to sustain the catches per unit of Primary Production (PPR/totPP) (Christensen et al., 2008) .
Impact and role of kelp detritus
To specifically evaluate the impact and role of kelp detritus, we analysed those relevant results obtained from the ADEAKE model to assess the importance of kelp detritus in the current configuration of the ecosystem. We used the Lindeman spine (Lindeman, 1942) to represent the flows of the food-web aggregated into integer trophic levels, and separated detritus groups to allow the quantification of the flow to benthic detritus, % TST, consumption, and predation, specifically for both kelp detritus functional group. The MTI analysis was used to quantify the impact on kelp detritus and identify the impacted and impacting functional groups.
Additionally, we used the temporal dynamic module Ecosim (Christensen and Walters, 2004; Walters et al., 1997) to study the hypothetical effects of decreasing kelp POM biomass inputs on the deepsea food web. In Ecosim, standing biomasses of both kelp detritus groups were forced to decrease 10% annually, while fishing effort was kept constant in order to focus on changes in the food web due to kelp detritus reductions only. During the temporal dynamic simulations, we increased kelp POM vulnerability (v = 100) to allow a notable increase in consumption on detritus if the biomass of consumers increases. Subsequently, two scenarios were simulated including or not the role of kelp detritus as a mediating group in prey-predator interaction, in addition from its direct role in trophic relationships. Both scenarios (with mediation and without) were tested in order to evaluate the impact of mediating effects in the food web since kelp detritus mediating functions are not well-studied. The scenario with mediating relationships included two mediating functions (M1 and M2) linked to chosen prey-predator interactions mediated by coarse kelp POM, which were previously described in the literature (Ramirez-Llodra et al., 2016; Shaffer et al., 1995) (Supplementary Material Fig. B.1) . Because there were non-specific quantitative studies describing these prey-predator interactions, we established the mediation functions as well as initial mediation state based on literature information. The first mediation function (M1) used a positive sigmoid function, and it simulated an increase in prey vulnerability when coarse kelp POM biomass was high. M1 was used for benthopelagic shrimpspredator and suprabenthospredator interactions because these preys are attracted by coarse kelp POM (Ramirez-Llodra et al., 2016) and may concentrate and be available for their predators when coarse kelp POM is abundant (Supplementary Material Fig. B.2) . This non-trophic relationship between kelp and fish predators has been documented in previous studies (Pérez-Matus and Shima, 2010), where fish predation reduced grazing pressure of amphipods on kelp. Inversely, the second mediating effect (M2) used a negative sigmoid function to capture a decrease in prey vulnerability when coarse kelp POM biomass was high. M2 was used for "other commercial demersal fishes" grouppredators and redfishespredators interactions because juveniles of these species use drifting kelp to protect themselves against predation (Shaffer et al., 1995) . After 20 years of decreasing kelp POM biomass of the ADEAKE model using the temporal simulations, we reached two new hypothetical ecosystem states with low biomass of kelp detritus, which we called them mediated ADE (Arctic Deep-Ecosystem including M1 and M2 mediated functions during the temporal dynamic simulations) and non-mediated ADE (Arctic Deep-Ecosystem without including any mediated functions during the simulations).
Keystoneness model in order to describe important structural and functional traits of the ecosystem and to quantify the ecological role of kelp detritus. Additionally, we described the ecosystem using a plug-in to derive standardized ecological indicators (ECOIND) (Coll and Steenbeek, 2017) related with species traits (biomass, catch, trophic, size and speciesbased). We focused on biomass-based indicators and trophic-based indicators. Biomass-based indicators are based on the abundance of organisms in the food-web (Coll and Steenbeek, 2017) , and we selected: biomass of commercial species, biomass of invertebrates species, biomass of fish species and the Kempton's diversity index. Next, we chose trophic-based indicators because of their capability to capture possible alterations on the trophic structure of the ecosystem caused by impacts (e.g. fishing) (Shannon et al., 2014) . We selected five indicators based on the tropic level (TL): TL of the catch, TL of the community, TL of the community including organisms with TL ≥ 2, TL of the community including organisms with TL ≥ 3.25 and TL of the community including organisms with TL ≥ 4.
To consider the uncertainty associated with the temporal simulation, we run 500 Monte Carlo simulations. We used the pedigree information with associated confidence intervals for the input values in the Monte Carlo routine in Ecosim (Heymans et al., 2016) . For each run, input values of the Ecopath models were randomly sampled from uniform distributions, with the width of distributions corresponding to the pedigree-specified input uncertainty level. The 95% and 5% percentile confidence intervals (CIs) were calculated for selected functional groups biomasses and ecological indicators previously mentioned.
Results
Ecosystem structure and functioning of the ADEAKE ecosystem
Results showed strong interactions between low TL groups (such as detritivore polychaetes) and detritus groups (Fig. 4a ). In line with that, most of the energy flows in the study area occurred between TL I (primary producers, kelp POM, and benthic detritus) and TL II, which collectively represented approximately 90% of the TST (Fig. 5 ). Also, TL 2 produced the highest flows to detritus of the ecosystem (725 t·km −2 ·year −1 ). The transfer efficiency of the system was 18.41%, and it decreased with trophic level.
The highest contributions in terms of flows to benthic detritus corresponded to large phytoplankton, marine snow, macro and mesozooplankton, and microzooplankton groups ( Table 1) . The flow to detritus accounted for 33.31% of the flows of the ADEAKE ecosystem, almost half (45.17%) were consumed, 2.92% was exported, and 18.61% was respired (Table 2) . These percentages of flows through the ecosystem showed some differences to the Ullsfjord model. Specifically, the ADEAKE model showed higher percentages on flows to detritus and export flows over TST, and lower percentages on consumption and respiration flow over TST than Ullsfjord model. Regarding ecological indicators, while SOI and CI were higher for the ADEAKE than Ullsfjord model (increasing 1.80%, 27.78% and 17.65% respectively), FCI, A/C and O/C showed similar values between both models (Table 2) .
Ecological role of functional groups
TLs values ranged from 1 for primary producers and detritus groups to 4.65 for marine mammals' group (Table 1 and Fig. 4a ). TLs were positively correlated with the 15 N values from adjacent ecosystems (Fig. 4b , Spearman-rank correlation coefficient, r s = 0.65, n = 20, p < 0.0001). These results showed that an increase of 15 N values calculated from SIA coincided with an increase of TLs estimated by the ADEAKE model.
The Ecotrophic Efficiency (EE) values per functional group were moderate for several functional groups (Table 1) , indicating that these groups are not fully consumed in the ecosystem or taken by the fishery (Heymans et al., 2016) . High values of EE (> 0.90) were estimated for several benthic invertebrates' groups (other benthic detritivore invertebrates, predatory invertebrates, and suprabenthos), planktonic groups (microzooplankton, large phytoplankton, and heterotrophic nanoflagellates) and detritus groups (coarse and fine kelp POM). Low values of EE (< 0.10) were obtained for top predators' groups such as marine mammals and seabirds, and for blue whiting, jellyfish and ctenophores and sea cucumber group.
The most impacting (positively and negatively) living group in the ADEAKE system was benthopelagic shrimp (Fig. 6) . Specifically, it impacted negatively on rays and skates, velvet belly and rabbitfish group due to multiple indirect trophic relationships, and positively on shrimp trawlers due to it would promote an increase of their catches.
Marine mammals, seabirds, rabbitfish, large fish feeders and benthopelagic shrimps were identified as keystone functional groups (Fig. 7) . These results confirmed that these functional groups play an important ecological role in the ecosystem despite they have relatively low biomass. Among these functional groups, benthopelagic shrimps had the highest combined value of keystoneness index and RTI (, in line with the MTI results (Fig. 6 ).
Ecological role of kelp detritus
Kelp detritus (coarse and fine kelp POM) flowing into the ADEAKE accounted for 0.59% of the TST (Fig. 5) . The flow to detritus was low for both kelp detritus groups: coarse kelp POM contributed with 4.55 t ·km −2 ·year −1 (0.24% of total flow detritus) and fine kelp POM with 3.46 t·km −2 ·year −1 (0.19% of total flow detritus), with a total 0.43% contribution. Coarse kelp POM consumption by organisms in the deepsea ecosystem was 19.65 t·km −2 ·year −1 , whereas fine kelp POM consumption was 5.29 t·km −2 ·year −1 . This consumption values accounted for 1.55% and 0.42%, respectively, of whole detritus consumption in the ecosystem, and was mainly due to consumption of bacteria and detritivore polychaetes groups.
Both kelp detritus groups had a low impacting value on other groups of the ecosystem but they experienced high impacted values (Fig. 6) . Specifically, the coarse kelp POM group was highly and negatively impacted by bacteria and benthic detritus and positively impacted by heterotrophic nanoflagellates. Fine kelp POM was highly negatively impacted by detritivore polychaetes and benthic detritus, and positively by predatory invertebrates.
Results from the theoretical time dynamic simulations showed large differences between both ADE models developed with (M1 and M2 together) or without mediation effects. The non-mediated ADE model showed minor effects in the biomass trends of all functional groups, except for suprabenthos group which decreased its relative biomass (0.82 times over initial biomass). Whereas the mediated ADE model presented noticeable impacts in the biomass of several functional Table 1 ) with higher keystoneness index and relative total impact. D. Vilas, et al. Journal of Marine Systems 203 (2020) 103268 groups ( Fig. 8 and Supplementary material Fig. B.3) . For example, the biomass of benthopelagic shrimps and suprabenthos groups (2.62 and 1.81 times over initial biomass, respectively) increased when detritus of kelp decreased in the ecosystem as a result of the decreasing on their predation mortality. On the contrary, rays and skates, velvet belly, rabbitfish, other commercial demersal fishes and redfish groups decreased their relative biomass after 20 years of kelp POM depletion. Ecological indicators showed similar values between the three ecosystem states (the ADEAKE, non-mediated ADE and mediated ADE), except for TC (Table 2) . Total catch increased 100% in the mediated ADE, whilst it was mostly constant in the non-mediated ADE (Fig. 9) . The sum of exports over TST showed the greatest change and increased 10.21% in the non-mediated ADE model and 9.28% in the mediated ADE model after kelp POM biomass decreasing. Other ecological indicators changed only slightly with the decrease on kelp POM biomass: TBCo, O/C and FCI decreased, while A/C and FD increased. Results from species-based indicators showed low percentage of change or even no change for the non-mediated ADE model. Furthermore, percentage of change was high for some indicators in the mediated ADE model (Table 3 and Supplementary Material Fig. B.4) . Specifically, biomass- On the contrary, trophic-based indicators showed mostly no changes.
Discussion
According to our results, kelp exported from shallow sub-tidal areas and entering deep-sea ecosystems has a moderate role in the deep-sea ecosystem and a reduction of kelp POM to the system could have effects on some groups and ecosystem traits if mediating effects play an important role in the structure of deep-sea communities. Thus, these results suggest that kelp POM is moderately important to the structuring of the ecosystem, and the decrease on kelp POM imports has a weak bottom-up effect in the food web. Probably, this is due to the percentage of kelp POM consumption is quite low, and this could be connected to the low quality of this food source in terms of nitrogen enrichment, namely non-aged kelp detritus (Norderhaug et al., 2003) . However, when we simulated a reduction of POM from the system, some species showed notable changes if mediation effects are considered in addition to direct prey-predation relationships. This illustrates how important the role of kelp detritus could be as habitat-forming species providing structure in the food web of the deep-sea ecosystem, in addition to being involved in direct trophic interactions.
Ecological role of kelp detritus and potential impact of its reductions
In general, ecological indicators related with ecosystem development theory (Odum, 1966 (Odum, , 1959 , presented similar values in the ADEAKE and ADE models, suggesting that the overall structuring and functioning of the deep-sea ecosystem would not change significantly with kelp POM reduction. Kelp POM had low impact on the food web, however the model predicted a notable impact on functional groups that feed substantially on coarse and fine POM (predatory invertebrates, detritivore polychaetes, bacteria, heterotrophic nanoflagellates, and benthic detritus). This overall moderate role structuring the deep-ecosystem could be explained by the low consumption of kelp POM. In fact, degradation of kelp detritus occurs more slowly at lower water temperatures (Bedford and Moore, 1984; Rothäusler et al., 2009) , such as Arctic ecosystems, and kelp detritus assimilation by benthic community could take many months.
Although studies based on stable isotopes analysis (Duggins et al., 1989; Fredriksen, 2003; McMeans et al., 2013; Renaud et al., 2015) highlighted the importance of kelp POM as a source of carbon, kelp POM appears to play a modest role in the ADEAKE food web due to low direct intake as food. This discrepancy between our results and previous work is in concordance with Miller and Page (2012) , who suggested that contribution of kelp detritus to the diet of suspension feeders has been systematically overestimated by stable isotopes, and highlighted the difficulty of drawing conclusions about carbon source in those marine organisms. Furthermore, large accumulations of kelp POM were not observed in the study area , and although kelp detritus does appear to enter this ecosystem, it may have low total biomass compared to other sources of non-living carbon.
Our results showed that it is not the total energy derived from kelp detritus, but rather its role in providing habitat structure with an altering behaviour of benthic species that has the strongest structuring effect on the food web. Non-mediated simulations did not show substantial changes on the biomass trend of functional groups under low kelp POM scenario, except for suprabenthos that decreased. This is due to kelp POM is one of their main sources of food (Dunton and Schell, 1987; Fredriksen, 2003; Renaud et al., 2015) , and previous studies documented their strong association (Ramirez-Llodra et al., 2016) . Despite the minor role of kelp POM in the whole ecosystem, our results showed important effects on the biomass of some functional groups after mediated simulations decreasing kelp POM biomass. Specifically, the most important changes were on benthopelagic shrimps and suprabenthos groups, suggesting a large influence of kelp POM on the dynamics of these groups. On the other side, biomass of rays and skates, velvet belly and rabbitfish groups decreased under low kelp POM scenarios because their consumption rate and feeding time increased. Benthopelagic shrimps and suprabenthos are important preys of those functional groups, and the trophic interactions between these groups (prey-predator) diminished as the mediating effects were applied under low kelp POM biomass scenarios. So, the lower coarse kelp POM biomass, the lower fish predation to benthopelagic shrimp and suprabenthos since they had less chance to concentrate in these macrophytic structures. Therefore, other commercial demersal fishes and red fishes reduced their biomass as a result of increasing of vulnerability to predation under low coarse kelp POM biomass scenario. Under this scenario, those fish groups had less chance to hide and avoid being predated during juvenile stages, and they were more predated by large fish feeders' group for example.
Such results underlined that the role of kelp POM may be highly dependent on its capacity to mediate prey-predator interactions because these structures can provide habitat heterogeneity on the deepsea ecosystems (Bernardino et al., 2010) . Habitat structure and complexity leads to an increase or a decrease in prey-predator interactions (Anderson, 2001; Johnson, 2006) . Also, these structures can provide habitat heterogeneity on deep-sea ecosystems.
Predicted trend for species-based indicators suggested a degraded process on the ecosystem of kelp imports reductions, indicating that these changes of the state of the environment (biomass and biodiversity) may have an immediate impact on the functioning of the system and could affect its resilience in front other stressors (e.g. increasing of fishing effort). Trophic-based indicators also decreased, suggesting that a reduction of the kelp imports would reduce the trophic level of the community and catch. Results from trophic-based indicators were in line with the ones obtained from biomass-based indicators and may explain an impact on deep-sea ecosystem structure due to depletion of kelp POM. Usually, trophic-based indicators are used to track the effects of the fishing pressure Shannon et al., 2014) although the direction of change in ecosystems indicators could be linked to multispecies assemblages, as well as to other factors such as environmental influences (Shin and Shannon, 2010) . After analysing several ecosystems, Moore et al. (2004) determined that detritus groups often increase ecosystem stability, having substantial effects on trophic structure and biodiversity. These future impacts could reduce the resilience of deep-sea ecosystems to face other impacts such as climate change, or even could act synergistically (Beisner et al., 2003) .
Despite the important role of mediating effects in ecosystem modelling (Harvey, 2014) , there are only a few examples incorporating these effects into ecosystem models (Espinosa-Romero et al., 2011; Vasslides et al., 2017; Weijerman et al., 2018) . In general, our results highlighted the importance of incorporating these functions in order to model mediating relationships, and the need of further research in the field to obtain more accurate information about mediation effects to develop more realistic simulations (Harvey, 2014) .
Ecosystem structure and functioning of the ADEAKE ecosystem
Overall, our results showed that the ADEAKE and Ullsfjord model share similar structural and functional traits This may be related to the fact that input data of the ADEAKE model were extracted from the Ullsfjord model. The main difference between both ecosystems was the distribution of the flows through the ecosystem. Probably, this dissimilarity is due to different ecosystem traits, food-web structures and environmental influences of both areas . Although these indicators are standardized by TST and they were robust to compare different models, the food-web structure could explain these difference . Other indicators (FCI, SOI, and CI) showed higher values for the ADEAKE model, and could suggest a higher system maturity since the food chain is expected to change from linear to web-like as the system matures (Odum, 1956) . These indicators are more dependent on food-web structure . For example, the ADEAKE model was built to focus on exports from adjacent ecosystems, so it was parametrized with special emphasis on "biomass accumulation", "detritus flows" and "detritus fate" parameters.
The MTI analysis indicated that the most impacting group in the ADEAKE model was benthopelagic shrimps, so the effect that changes the biomass of benthopelagic shrimp group will have on the biomass of the other groups in the food web will be strongest in that system. Morissette et al. (2009) obtained similar results for shrimps' group in Arctic ecosystems. Keystoneness index for the ADEAKE model pointed at multiple functional groups as keystone. Among them, marine mammals were highlighted as keystone groups in previous northern studies (Bundy, 2001; Dommasnes et al., 2001) . Large fish feeders' group and benthopelagic shrimps' group, which were grouped by important commercial species [such as the Atlantic halibut (Hippoglossus hippoglossus) and the northern shrimp (Pandalus borealis)], were identified as the main keystone species in the ecosystem. Similarly, Pedersen et al. (2016 Pedersen et al. ( , 2008 identified another shrimp group (pelagic shrimps) and another large fish group (cod) as keystone groups in other northern Norwegian fjord models. Previous studies identified different species composition among connected fjords in Norway (Nøstvik and Pedersen, 1999; Zhou et al., 2005) , and it may be the reason to differ on the keystoneness species analyses.
Fishing impacts
Fishing impacts were estimated to be moderate in the study area compared with similar ecosystems (Pedersen et al., 2016) . Trawlers impacted negatively on some high trophic level groups (rays and skates, velvet belly and rabbitfish). However, this fleet incorporated devices on their gears in order to avoid the accidental catch of these species since 1993, and therefore, it is expected that this leads to a reduction of its estimated impacts (Grimaldo, 2006) . However, we observed moderate changes in species and ecosystem traits after kelp POM biomass reduction, Total Catch increased 100% in the mediated ADE model simulation, due to the increasing abundance of benthopelagic shrimps, mainly the northern shrimp Pandalus borealis, which is of great importance to fisheries in northern Norway (Eriksen, 2015) . Low coarse kelp POM biomass caused less shrimp aggregation on these structures, so those crustacean species were less preyed upon by potential predators. This result illustrates that moderate changes in the ecosystem structure could affect ecosystem services when mediated effects are applied on predator-prey relationships.
Conclusions
This study represents the first attempt to model a deep-sea D. Vilas, et al. Journal of Marine Systems 203 (2020) 103268 ecosystem with special emphasis on the kelp detritus imports coming from adjacent ecosystems. Mostly, the Ecopath with Ecosim modelling approach has been applied to investigate several topics related to fisheries, ecosystem management or species dynamics (Colléter et al., 2015) . This study highlights the importance of the inclusion of other flows of organic matter (such as kelp detritus) in such models. Our results suggest that kelp detritus plays a moderate role in the deep-sea ecosystem. When removed from the system, some species showed notable changes, although only if mediating relationships were considered, which could potentially impact ecosystem services such as food provision. Therefore, future reductions of kelp POM entering Arctic deep-sea ecosystems could affect the food web and biodiversity, contributing to changes in ecosystem structure and functioning traits. These effects underline how important the role of kelp detritus could be in providing non-trophic structure to the food web of the deep-sea ecosystem and call for further research in this field. To more realistically assess future changes of the Arctic deep-sea ecosystems, additional changes of kelp POM production on adjacent ecosystems should be included in future studies, such as increases in sea temperature (Kortsch et al., 2015) , invasions of expanding species or changes in fishing pressure (Mullon et al., 2016) . This study represents a baseline from which scenarios with additional and cumulative stressors can be tested in the study area.
